Cavitons have been recently discovered in the Earth's foreshock. Foreshock cavitons have first been predicted by global hybrid simulations and later structures with similar properties were discovered in observational data from the Cluster mission. Cavitons are observed as simultaneous depressions of the magnitude of the magnetic field and plasma density (δ B/B, δ n/n≥0.2) that commonly last ≤30 s and are surrounded by a rim of enhanced values of B and n. They are always immersed in a sea of compressive low frequency waves. Numerical simulations results suggest that the cavitons are produced by the interaction of foreshock sinusoidal plasma waves with perpendicularly propagating compressive fast mode waves. Here we present a study of the waves that were observed in the immediate neighborhood or inside two foreshock cavitons detected by the Cluster I spacecraft. We analyze the frequency, polarization, direction of propagation and compressibility of the waves.
INTRODUCTION
The interaction of the solar wind with the Earth's magnetosphere forms a standing bow shock. The bow shock deflects and slows down the incoming solar wind. If the angle between the interplanetary magnetic field (IMF) and the local shock normal is ≤45 • , the shock is called quasi-parallel. Upstream of the quasi-parallel bow shock a foreshock forms and in it many physical processes take place. These processes are responsible for the formation of various phenomena, among which the most recently discovered are foreshock cavitons in which the density and the magnetic field simultaneously decrease to a small fraction of their surrounding values. Cavitons were first predicted by global hybrid simulations ( [1] , [2] . In observational data of Cluster I mission we found structures with properties very similar to those predicted by the simulations ( [3] , [4] ). The similarity is strong enough that we refer to both, simulated and observed structures, as foreshock cavitons. As shown in Figures 1 and 3A , the cavitons are observed as simultaneous depressions of the magnitude of the magnetic field and plasma density (δ n/n, δ B/B≥0.2) that in the spacecraft frame commonly last ≤30 s and are surrounded by a rim of enhanced values of B and n. On average the cavitons detected closer to the bow-shock exhibit "deeper" depressions (up to ∼90 % of the average ambient density and B) than those found further away. The cavitons appear for a range of IMF configurations (θ BV ≤50 • ) and solar wind velocities (250 -700 kms −1 ). They are always immersed in a sea of compressive low frequency waves, which is the main characteristic that separates them from other similar phenomena, such as density holes and cavities ( [5] , [6] ). The numerical simulations ( [1] , [2] ) suggest that the cavitons are produced by the interaction of foreshock sinusoidal plasma waves with perpendicularly propagating compressive fast mode waves. In a previous work ( [3] , [4] ) we studied statistical properties of the foreshock cavitons.
In this work we present a study of two foreshock cavitons and the waves found in their immediate neighborhood or inside them.The Cluster I data is used in this study. The two cavitons were detected on February 15 2001 and March 2 2005. In the next section we describe the properties of each caviton and perform an analysis of the surrounding waves in the following manner: time intervals are selected immediately before and/or after the cavitons. For each interval the average B and V vectors are calculated and a new coordinate system is constructed, such that the x, y and z axis lie along the <B>, <B>×<V> and <B>×(<B>×<V>) directions, respectively. We then calculate a B ′ vector in this new system. The compressive fluctuations are then in the B ′ x component. Next we perform FFT analysis and minimum variance analysis (MVA) . We analyze the frequency, polarization, direction of propagation and compressibility of the waves. suprathermal ion populations are not observed. The angle between the Solar wind and the IMF (θ BV ) was 15 degrees. The panels in the left column show the magnitude of the magnetic field, the plasma number density, the total ion temperature, the total pressure and the total solar wind velocity. The panels on the right show the components of the magnetic field and solar wind velocity. The time during which the caviton was detected is shaded in gray. The letters L and R and the corresponding arrows point to the time intervals left and right of the caviton, that were used in order to study the waves. The R points to a 27 second interval during which a train of higher frequency waves was detected (see the panel on the right that is separated from the rest). On this figure, the caviton is observed as a simultaneous dip of B and n. The event lasted for ∼30 s during which the magnitude of the magnetic field diminished from ∼4.3 nT to ∼1.7 nT, corresponding to a decrement of 60 %. The density n changed from ∼1.1 cm −3 to ∼0.3 cm −3 , which is a 73 % decrease. The component of the magnetic field Bx shows a sharp decrease and By and Bz change their signs through the caviton. The same happens with v y and v z . v x changes from -550 kms −1 to -480 kms −1 during the event and the total velocity drops from 540 kms −1 to 470 kms −1 , which represents a ∼13 % drop. The B and n profiles show the caviton as a double peaked structure. On both sides of the caviton the B values are enhanced. The magnetic field magnitude rises to 5 nT (16 %) on the left side and to 6.3 nT (47 %) on the right side of the caviton. Figure 2 shows the results of the analysis of the fluctuations in the immediate neighbourhood of the caviton. Compressive fluctuations with large amplitudes δ B/B 0 ∼2 nT (∼50 %) surround the caviton. For the purpose of this analysis, only the interval left of the caviton is analyzed (L). Due to the compressive nature of these fluctuations, the MVA method introduces some uncertainty in the calculation of the angle of propagation of the fluctuations θ Bok , which is estimated to be 5 • ±7 • (see [7] for the details on how to estimate the error of θ Bok ). The power spectra shows that the fluctuations peak at periods ∼30 s and that both, the transver- (Figure 3 ). The CIS instruments operated in the magnetosheath MAG-C2 (Compression MAG-4 + 3Ds sheath/tail) mode, which is basically a magnetospheric mode during which the spacecraft's full energy and angular ranges are covered. When operating in this mode, all ion populations (solar wind + suprathermal) are observed. In this mode, the absolute density values may be underestimated and only a proxy of total plasma temperature (solar wind + suprathermal ions) is obtained. However our results are not affected by this since we only consider δ n/n and not the absolute values of n. The caviton exhibits a double-peaked structure in B and n data that lasted for 26 seconds. The average value of B in the foreshock at the time of the caviton was ∼5 nT. In the center of the caviton it dropped to ∼1 nT (80 % decrease). The caviton's rim is well pronounced on both sides of the caviton with enhacements in B and in n. Both quantities exhibit a high peak just after the right rim. The value of v x oscillates around its average value of 600 kms −1 before, during and after the event. The transverse velocity components show a large deviation. During the event v y changes sign from the average value of 50 kms −1 to -50 kms −1 , while v z suddenly increases to more than 100 kms −1 . The magnitude of the oscillations of v tot does not change during the event although their frequency is higher inside the caviton. The total ion temperature exhibits a peak at 14 MK during the event, which is large when compared to the 1 MK values in the surrounding solar wind, although the global hybrid simulations ( [1] , [2] ) show peaks with values that can be a hundred or more times the ambient solar wind temperature. Most probably this increment is due to the presence of suprathermal ions, which the CIS instrments can detect because of the mode they were operating (as oposed to solar wind modes, when almost no suprathermal particles are observed). The total (plasma + magnetic) pressure increases around the region of the caviton. But these values should be taken with caution as they are evaluated from the proxy of total plasma temperature due to the CIS operating mode. More work is needed to separate the exact contribution of suprathermal ions to the enhancements of temperature and total pressure. θ BV during this caviton was 37 • . The bottom right panel in Figure 3A that is separated from the rest illustrates the magnetic field inside the caviton in order to resolve the two peaks and high-frequency variations of B. Inside the caviton there are two discrete wave packets with frequencies of about 0.5 Hz. The black arrow in panel A marks the time interval of waves studied in panels B-D. The surrounding ULF waves exhibit a compressive component that is comparable in strength to the transverse component (3C-D) . No shocklet structure, and the lack of a well defined wave form suggest that a superposition of modes is observed. The angle of propagation of these waves is ∼45 • ±7 • (3B) and they have peak power at periods of ∼10 -100 s (3C). The RAPID energy spectrogram on panel 3E shows that the energetic protons are present throughout the 10 minute time interval, so again this interval is well inside the foreshock.
OBSERVATIONS
Note that during the first caviton ( Figure 1 ) the total ion temperature shows no change and the total pressure exhibits a dip similar to those in n and B. During the second caviton ( Figure 3 ) the total ion temperature increases significanly and there is no dip in P tot . This is due to the different modes in which CIS instruments were operating during each event so that different ion populations were therefore observed. During the first caviton only the solar wind population was observed. The temperature remained constant and the P tot diminished because the values of n and B diminished inside the caviton. In the case of the second caviton the suprathermal ion populations were also observed by CIS so it is possible that the increment in temperature is due to the contribution of these ions rather than to the solar wind beam. We have observed a similar behaviour in a number of cavitons. Further work including suprathermal ion distributions is needed to confirm this hypotesis.
CONCLUSIONS
Observational data do confirm the numerical prediction of [2] that the cavitons are immersed in regions with compressive ultra low frequency fluctuations. These fluctuations have periods between 10 and 100 s. The compressive component is always present, although its strength varies from case to case. It can be weaker than (see Figure 2) or comparable to the transverse component ( Figure 3) . The simulation results of [2] suggest that cavitons are generated in regions where both parallel propagating sinusoidal waves and compressive oblique propagating fluctuations exist. However we cannot resolve the observed fluctuations in such a way and therefore cannot directly confirm the predictions of [2] .
In some regions the waves around the cavitons show the typical signature of shocklets with amplitudes δ B/B∼0.5. Higher frequency fluctuations (0.3 -1 Hz) are observed to be superposed onto the lower frequency waves and appear in the form of discrete wave packets that last for ∼25 s. These fluctuations are compressive, fairly monochromatic (see Figure 2F ) and propagate at θ Bok ∼40 • . Note that some of these higher frequency waves can also appear inside the cavitons. In other regions cavitons are surrounded by compressive ULF fluctuations that propagate at a larger angle with respect to the local IMF (∼45 • ). Their peak-to-peak amplitudes are as large as 90 %. These fluctuations have no well defined form, suggesting that they are the superposition of various modes.
Energetic protons with energies 100 keV are present inside the cavitons as well as in their neighbourhood. This means that all the cavitons appear well inside the foreshock. There is another foreshock phenomena, called the foreshock cavities, which have been studied mostly in relatively quiescent regions of foreshock ( [6] , [8] ) in order to discriminate them from the surrounding waves. There are no energetic particles in the regions that surround them, but only inside the cavities. This suggests that compressional waves do not play a crucial role in their formation which is in contrast to the foreshock cavitons. In addition, caviton durations are shorter ( 1 min) than those of the cavities (90 s≤ ∆t≤180 s)
